by a DNA Messenger in the Batch Translation System. The reactions were catalyzed with an S-30 extract of T. thermophilus in the presence of 1 mM spermine at 659 C for 15 min. M13mp19 single-stranded DNA was used as the messenger in a cell-free translation system. Polypeptide synthesis directed by DNA as the messenger in a cell-free system of Thermus thermophilus was investigated. Polypeptides were synthesized with the addition of neomycin in the presence of DNA catalyzed by the cell extract. The stability of messenger DNA was greater than that of messenger RNA. Continuous cellfree translation with messenger DNA produced polypeptides at the rate of more than 8 mg W h in the presence of spermine.
DNA is translated as a messenger in the presence of an aminoglycoside antibiotic in a cell-free system of Thermus thermophilus.
1) The direct translation of DNA could be useful for high throughput studies of the structural genomics of thermophiles. Some thermophile enzymes need a high temperature for proper conformation.
2) Such thermophile proteins should be produced at high temperatures. In the past, it was di‹cult to produce large amounts of protein by traditional cell-free methods. Continuous or semicontinuous cell-free synthesis systems of proteins by some mesophiles produce milligrams of the product. 3, 4) We set out to apply results we reported recently 1) to continuous cell-free translation catalyzed by a thermophile extract, so we examined optimum concentration of an antibiotic in polypeptide synthesis directed by messenger DNA, polypeptide synthesis e‹ciencies, stability of DNA in a cell-free system, and continuous polypeptide production using the cell-free system of T. thermophilus. A reaction chamber (1 ml) for continuous cell-free translation and an HPLC pump used were as previously described.
5) An S-30 fraction was prepared from thermophile cells as described before, 6) except that DNase was not added. Reaction mixtures were prepared as described elsewhere 6) unless otherwise indicated, and all reactions were at 659 C.
When an aminoglycoside antibiotic, neomycin, was added to a cell-free system for batch polypeptide synthesis made with cells of T. thermophilus, amino acids were incorporated into the fraction insoluble in hot trichloroacetic acid upon the addition of singlestranded DNA. This incorporation is not aŠected by an RNA polymerase inhibitor, so messenger RNA is not synthesized in the experiment and DNA is directly translated as a messenger.
1) The optimum concentration of neomycin was 10 mM in a cell-free system catalyzed by the S-30 fraction of T. thermophilus (Fig. 1) . In cell-free polypeptide synthesis with Escherichia coli, the optimum concentration of neomycin for translation of DNA is 10-100 mM, 7) so the optimum concentration of this drug with T. thermophilus and with the mesophile was similar. The concentration of neomycin for inhibition of polyphenylalanine synthesis directed by poly(U) in the thermophilic protein synthesis system is about the same as that with E. coli. 1, 8) For these reasons, neomycin should be eŠective in both systems. The The reactions were done in the presence of 2 mM spermine at 659 C. When DNA was the messenger, 10 mM neomycin was added. Symbols: , M13mp19 single-stranded DNA; , MS2 phage RNA. Polypeptide Synthesis in the Batch Translation System. The reaction conditions were the same as those in the legend of Fig. 2 . The messengers were incubated in a reaction mixture without amino acids at 659 C for the times indicated, and then amino acids were added to the reaction mixture. The results are relative to polypeptide synthesis without theˆrst incubation, taken to be 100z. Symbols: , M13mp19 single-stranded DNA; , MS2 phage RNA. neomycin concentration of 10 mM was used in the following experiments.
The rates of protein synthesis directed by RNA and DNA were compared in the batch cell-free system of T. thermophilus. Neomycin was added only when DNA was used as the messenger, MS2 phage RNA or M13mp19 single-stranded DNA was used as the messenger (Fig. 2) . Amino acids were incorporated in proportion to the concentration of the messenger up to 300 mg W ml. At the same messenger concentration, the e‹ciency of translation with DNA was about half of that with RNA. The e‹ciency of protein synthesis directed by messenger DNA is about half of that of poly(U) in an E. coli cell-free system. 9) Perhaps diŠerences in amino acid incorporation with messenger RNA and DNA were about the same with either E. coli or T. thermophilus.
In the next experiment, stabilities of DNA or RNA were measured in a batch cell-free system of the thermophile. Changes with time in protein synthesis directed by DNA or RNA are shown relative to the incorporation of amino acids at 7.5 min of incubation (Fig. 3) . Translation directed by messenger DNA was more lasted longer than that by messenger RNA. Polypeptide synthesis directed by poly(U) stops at about 20 min and that directed by poly(dT) continues for about 70 min in an E. coli cell-free system. 10) From the results shown in Fig. 3 and those of the previous report, it seemed that the time of cellfree protein synthesis could be extended by the use of messenger DNA rather than messenger RNA in both mesophilic and thermophilic cell-free systems. Here, we also measured the stabilities of the messengers in a cell-free system of the thermophile by a method reported by Ueda et al. for the measurement of the stability of messenger RNA containing phosphorothioate in a cell-free system. 11) A messenger was incubated at 659 C for diŠerent times in cell extract, andˆnally labeled amino acids were added, allowing peptides to be synthesized (Fig. 4) . In this experiment, messenger RNA in the system without neomycin was degraded with time; the messenger DNA in the system with neomycin was more active than messenger RNA. These results that messenger DNA was more stable than messenger RNA in the cell-free system of the thermophile, which meant that messenger DNA was as stable as messenger RNA containing phosphorothioate.
11)
Polypeptides were synthesized continuously in a cell-free system of T. thermophilus directed by M13mp19 single-stranded DNA as the messenger DNA. Changes with time in protein synthesis with diŠerent spermine concentrations are shown in Fig. 5 . The amount of proteins synthesized was estimated from labeled amino acids incorporated into the fraction which was insoluble in hot trichloroacetic acid. Peptides were synthesized most rapidly in the presence of 2 mM spermine, and the optimum concentration of spermine was the same as that in the cell-free batch system (not shown). The rate of polypeptide synthesis directed by messenger DNA was greater than that directed by messenger RNA without neomycin in a continuous cell-free translation system, 5) whichˆnding suggests that the stability of the messenger is important in continuous protein synthesis in vitro. The results described above showed that peptides were synthesized continuously, directed by DNA in the presence of neomycin, in our cell-free system of the thermophile. By comparison of the results obtained previously with messenger RNA 5) and those obtained above, we found the optimum concentration of spermine for continuous polypeptide synthesis directed by messenger DNA to be about the same as that directed by messenger RNA.
To improve the e‹ciency of cell-free systems producing polypeptide continuously with messenger DNA, following investigations would be possible. (1) Polyamines are needed in cell-free polypeptide synthesis system of T. thermophilus, 12) and many unusual polyamines have been found in cells of this bacterium, 13) some of which aŠect protein synthesis directed by RNA in batch cell-free system more than other polyamines. 4) So those eŠective polyamines would be useful to improve the polypeptide synthesis directed by DNA in cell-free system. (2) Hulen et al. found that high-molecular-weight polypeptides are synthesized in relatively high magnesium concentrations in an E. coli cell-free system directed by DNA. 14) Thus it would be important toˆnd the optimum of magnesium ion concentration for our thermophilic cell-free system. (3) Phe-tRNA Phe binds more weakly to poly(dT)-programmed 30S subunits of E. coli than poly(U)-programmed ones.
15) It may be necessary to test binding a‹nities of aminoacyltRNAs to DNA-or RNA-programmed ribosomes of the thermophilic bacterium. If the a‹nity to the DNA-programmed ribosomes is weaker, the aminoacyl-tRNA concentration should be increased. The composition and function of the polypeptides synthesized in the cell-free system of T. thermophilus directed by messenger DNA should be analyzed. In a cell-free system of E. coli, a peptide that included formylmethionine was formed by DNA translation. 16) We thank Dr. H. K. Kagawa for suggestions about some of the experiments.
